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Scientific Progress

Quasi-continuum orbital-free density-functional theory: A route to multi-million atom non-periodic DFT calculation
• Density functional theory has a provided insights into various materials properties in the recent decade. However, the computational complexity of this approach has made other aspect, especially those involving defects, beyond reach. We have developed a method that enables the study of a multi-million atom cluster using orbital free density functional theory with no spurious physics or restrictions on geometry. The key idea is a systematic means of adaptive coarse-graining retaining full resolution where it is necessary and coarsening with no patches, assumptions or structure. We demonstrate the method, its accuracy under modest computational cost and the physical insights it offers using a multi-million cluster of aluminum containing a single defect. 
Synthesis of textured electrode and ferroelectric films using sol-gel
Synthesis of textured electrode and ferroelectric films using pulsed laser deposition
• Synthesized biaxially textured films Ba x Pb 1-x TiO 3 with SrRuO 3 electrodes. As grown films are oxygen-deficient with poor properties, and thus are oxygenated by annealing in an oxygen rich atmosphere. The films have been demonstrated to have biaxial texture, excellent ferroelectric and switching behavior under piezo-force microscopy (PFM) and good optical quality.
Fabrication and testing of ferroelectric bridges and cantilevers • Fabricated a series of bridge like test-structures with various controls:
• PT/Au/SiO 2 using MOCVD • PT/Au/SiO 2 using PLD (unfortunately gave wrong phase)
• PT/MgO/SiO 2 using MOCVD (good quality but no bottom electrode)
• PT/SRO/MgO/SiO 2 using PLD • The bridges are tested using a variety of means
• Force-displacement-voltage testing using the electromechanical test-bed. The mechanical tests are extremely repeatable, and allow us to extract residual stress and elastic modulus.
• Cracking behavior using the electromechanical test-bed.
• Cathodoluminescence measurements on films to explore microstructure (new application of this technique)
• PFM • The role of texture in enhancing piezoelectric response demonstrated
Plasmon Assisted Chemical Vapor Deposition
• We introduce a new chemical vapor deposition (CVD) process that can be used to selectively deposit materials of many different types. The technique makes use of the plasmon resonance in nanoscale metal structures to produce the local heating necessary to initiate deposition when illuminated by a focused low-power laser. We demonstrate the technique, which we refer to as plasmon-assisted CVD (PACVD), by patterning the spatial deposition of PbO and TiO2 on glass substrates coated with a dispersion of 23 nm gold particles. The morphology of both oxide deposits is consistent with local laser-induced heating of the gold particles by more than 150 ˚C. We show that temperature rises of this magnitude are consistent, considering the heat loss mechanisms. The technique is general and can be used to spatially control the deposition of virtually any material for which a CVD process exists.
Fundamental studies of ferroelectric materials
• Study the Variation of Phonon distortion to understand diffuse scattering, and found that it is related to a TO-TA transformation during the symmetry reduction from Pm3m to I-43m. The TA modes in I-43m are anisotropic and always softer than TO modes, leading to observed diffuse X-ray scattering.
• Developed the PQEq force field based on QM calculations for BaTiO 3 , which enabled us to extend first principles based calculations to over 5000 atoms. This allowed us to determine the equilibrium structure of the 90º domain walls for periodic cells with lengths up to 74 nm (5120 atoms). We find that the domain wall has a width of 21 nm consisting of a dramatic switch in polarization over a 5 nm central layer surrounded by two transition layers each 8 nm wide. The central 5nm layer consists of a 2 nm sublayer with overshooting polarizations and a 3 nm sublayer with reversed polarization. This structure explains the discrepancies in interpreting previous experimental and theoretical analyses of the domain width and provides a great deal of detailed information about distortions, charges, and electric field that we be of great interest to workers in the field. In particular we find that long-range interactions are crucial in stabilizing the domain wall.
• Anharmonic lattice statics calculations show that a periodic array of oxygen vacancies on a 180-degrees domain wall make its thickness double. This is the first quantitative calculation that shows domain wall broadening due to oxygen vacancies. This is in agreement with recent experimental studies by .
Theoretical models of electromechanical fatigue
• Developed a cohesive model for electromechanical fatigue and provided a thorough comparison with experimental data. The local hysteretic cohesive model was embedded into a simple slab geometry, and we considered the variation of a number of system parameters, to wit, number of applied cycles, nominal field amplitude, slab thickness and applied field frequency. In particular, we concluded that the exhaustion of the effective applied field due to the degrading cohesive interfaces, which is responsible for the size effect, also leads to a decrease in the amount of switching with increasing field frequency. This is in line with several reported experimental data.
Modeling of Compositionally-Graded Ferroelectrics.
• In preparation for experimental studies on the growth and dielectric properties of graded Ba x Sr 1-x TiO 3 thin films, we developed a continuum model that accounts for the spatial variation in properties and the long-range electrostatic interactions in functionally graded ferroelectrics, with an emphasis on the dielectric behavior. Two geometries are emphasized as case studies; parallel electrode and interdigitated electrode configurations. In both cases, we look for solutions of the polarization nominally aligned with the applied electric field, and compute the temperaturedependent dielectric response. We find that the parallel electrodes configuration results in a strong temperature-dependence of the dielectric constant, due to the strong electrostatic interactions between the different layers. On the other hand, interdigitated electrodes lead to a parallel capacitance geometry that results in a broad phase transition with temperature, as is desired for tunable filter applications.
Phase-field modeling of ferroelectric devices.
• Developed a phase field approach that can study domain patterns and domain evolution in complex geometries with no a priori assumption on geometry, electrode arrangement and dielectric properties. While modern devices utilize domain switching in complex geometries and electrode arrangements, current models of domain evolution make assumptions like periodicity and complete shielding. Our work overcomes these restrictions. The key idea is a boundary element method to resolve the electrostatic fields. We use the method to examining the closure domains that form at a free surface, domain switching under cyclic electric field in a device with interdigitated electrodes and domain switching at a notch.
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